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Microbiology
Polar Filament Discharge in the Myxospores of Myxobolus cerebralis 
Chair: Willard O. Granath
Various compounds including calcium, calcium chelators, channel blockers, and 
salts, were tested for their ability to cause discharge of the polar capsules in the 
myxospore stage of Myxobolus cerebralis. Protein fractions extracted from two 
populations of Tubifex tubifex (resistant vs. susceptible to infection) were also 
tested. M. cerebralis is a two-host parasite known to infect the oligochaete, T. 
tubifex, and cause whirling disease in various salmonid species. Since discharge 
of the polar filaments is a prerequisite to infection, an understanding of the 
discharge process may aid in disease prevention. Myxozoans are thought to be 
related to cnidarians, so most of the compounds tested were chosen based on their 
ability to cause discharge of the polar capsules in cnidarian nematocysts. The salts 
were tested at 1 M, 0.5 M and 0.1 M concentrations. Almost all of the salts tested 
(CaCb, KI, NaSCN, LiCl, KCl, NaCl, Nal, (NH4)2S0 4 , and Na2(S0 4 )) caused 
some degree of myxospore mortality or discharge though only 1 M KI caused 
significant discharge. The mortality ranged from a high of 28.4% for 1 M CaCb 
(no discharges) to 0 % for 0.1 M KI. In addition, KCl was tested at all 3 
concentrations in the presence of 10"̂  M CaCb to ascertain whether membrane 
depolarization occurred. For all other salts at the 0.1 M concentration, a second 
set of experiments was conducted to determine whether the addition of 10"̂  M 
CaCl2 influenced discharge. In these tests, Ca^  ̂did not significantly affect 
discharge. The calcium chelators tested, EOT A and Kcitrate, caused numerous 
discharges, as did GdClg, a calcium channel blocker. Experiments using 
electricity^ and salts were run but produced no useable results. Water-soluble 
proteins were extracted from two populations of T. tubifex and then fractionated. 
Two sets of experiments were performed. In the first set, EDTA was added to 
each fraction; in the second, no EDTA was added. Whole protein extracts from 
each population were tested but produced few discharges. The fractions tested 
were 3,000, 10,000, 30,000, 50,000 and 100,000 Nominal Molecular Weight 
Limits. In the presence of EDTA, the YM-3 fraction (3,000 NMWL) obtained 
from an M. cerebralis resistant population of T. tubifex caused numerous 
discharges; the same fraction without EDTA produced few discharges.
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Figure 14: Effects of KCl +/- Câ  ̂at 24 hours 31
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INTRODUCTION
In recent years, there has been a tremendous increase in the amount of research 
conducted on the biology of Myxobolus cerebralis, a myxozoan parasite that causes 
salmonid whirling disease. This parasite, which infects a variety of salmonid species, has 
been implicated in the decline of trout populations in several western states. Infection by 
M  cerebralis has been reported in 18 species of salmonids (El-Matbouli et al., 1992). 
Rainbow trout {Oncorhynchus mykiss), an important species economically, is especially 
susceptible (El-Matbouli et al., 1992; 0=Grodnick, 1979).
M cerebralis was first described in Germany by Hofer in 1898 (as cited by Hedrick,
1998) and is thought to have evolved in central Europe and northern Asia 
(Hoffman, 1990) as a non-pathogenic parasite of brown trout (Salmo trutta). Due in part 
to a worldwide commerce in cultured and wild fish and fish products, this parasite has 
spread and can now be found in countries around the world (Hoffman, 1990). Hoffman 
and Snieszko (Hoffman, 1990) first diagnosed it in the U.S. in 1958. Evidence suggests 
that this initial infection originated in a shipment of imported frozen European rainbow 
trout. Subsequent outbreaks occurred in hatcheries in several states and are thought to 
have been caused by the importation of live fish (Hoffman, 1990). Since that time, the 
parasite has continued to make inroads into new watersheds, and can now be found in 23 
U.S. states and in 26 countries worldwide (Bartholomew and Reno, 2002; Gilbert and 
Granath, 2003).
The severity and signs of the disease are dependent upon parasite density and the age of 
the salmonid host at infection. Signs of infection include spinal deformities, black tail
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and a characteristic whirling behavior which may prevent normal feeding and/or flight 
from predators (Hedrick et al., 1998; Hoffman, 1990). This parasite is insidious because 
infection has the most severe effects on salmonid fiy and young of the year (Hedrick et 
al., 1998; Markiw, 1991), and though repercussions may not be immediately apparent, 
long-term ramifications for the survival of susceptible salmonid species, and in turn, for 
those species dependent upon these salmonids for their survival, are serious.
Once classified as a protist, M cerebralis is now thought to be more closely related to 
the cnidarians (Desportes-Livage and Nicolas, 1990; El-Matbouli et al., 1992; Rognlie 
and Knapp, 1998; Sidall et al., 1995). Until recently, the classification of this organism 
has been a matter of debate. This was due in part to the earlier classification of 
myxozoans as protists and the fact that the life cycle of this parasite was poorly 
understood. In 1983, it was discovered that M cerebralis required a tubiflcid oligochaete 
in order to complete its life cycle (Markiw and Wolf, 1983; Wolf and Markiw, 1984; 
Wolf et al., 1986). This discovery permitted elucidation of its complete life cycle and 
demonstrated that myxosporean and actinosporean parasites, previously thought to be 
distinct organisms, were in fact alternate stages of a single parasite species with a two- 
host life cycle (Andree et al., 1997; Markiw and Wolf, 1983; Wolf and Markiw, 1984; 
Wolf et al., 1986). Now it is known that M. cerebralis requires two hosts, an obligate 
aquatic oligochaete, Tubifex tubifex (Wolf et al., 1986; El-Matbouli et al., 1998b) and a 
salmonid fish species, in order to complete its life cycle. Recent evidence indicates that 
many other myxozoans have a similar two-host life cycle (El-Matbouli and Hoffman, 
1989; El-Matbouli et al., 1992; Markiw and Wolf, 1983; Xiao and Desser, 2000). These
finding and recent molecular analyses of ribosomal gene sequences (Desportes-Livage 
and Nicolas 1990; El-Matbouli et al., 1999a; Markiw and Wolf, 1983; Xiao and Desser, 
2000) suggest that myxozoans should be reclassified as cnidarians. A prominent and 
unusual feature of cnidarians is the nematocyst or Astinging cellO. These specialized cells 
aid in the capture of food and in some species, e.g., Polypodium hydriforme, locomotion 
(Raikova, 1990, 1994). A correlative to these cells can be found in the myxozoan polar 
capsule, which serves to anchor the parasites to the hosts. Both nematocysts and 
myxozoan polar capsules are specialized structures containing an inverted tubule which 
when triggered, everts explosively. Although numerous studies have examined the 
mechanisms which produce filament eversion and the types of stimuli required to induce 
discharge in cnidarians, much still remains unknown and there is little data relating to 
polar filament discharge in myxozoans.
While much is now known about the life cycle of M. cerebralis, the majority of 
research has focused on the pathology of the disease in trout and on factors affecting 
transmission of the triactinomyxon ( TAM ) stage to salmonids. In comparison, little is 
known about the mechanisms and stimuli required to induce discharge of the polar 
capsules prominent in both the TAM and myxosporean stages of the parasite. While both 
stages of the parasite are specific to a narrow range of hosts, the factors that determine 
species specificity remain unknown. The purpose of this study was to examine the 
mechanisms and stimuli required to elieit discharge of the polar capsules. A more 
complete understanding of these processes is important because the discharge of the polar 
filament is a prerequisite to the first stage of infection in both hosts. Since myxospores
and TAMs are specific to vastly different hosts, the mechanisms and stimuli prerequisite 
for discharge in each stage are probably different. Because of the complexity involved in 
examining the numerous differences between the two hosts and in both stages of the 
parasite, this study focused only on those factors which elicit discharge of the myxospore 
in the oligochaete host. In particular, this study examined the events which occurred prior 
to the onset of the earliest stages of parasitic invasion of the gut lumen of the 
oligochaete, T. tubifex, by M. cerebralis. The overall goal of this study was to examine 
the mechanism of discharge and the stimuli required for its initiation in the myxosporean 
polar capsules of M. cerebralis.
Literature Review 
LIFE CYCLE
The life cycle of M  cerebralis begins when the oligochaete, T. tubifex, ingests 
myxospores of M. cerebralis. Once ingested, the spores pass through the esophagus and 
into the gut of the worm. In susceptible strains of this annelid, polar capsules located in 
the anterior sections of the myxospores discharge into the gut lumen of T. tubifex, 
effectively anchoring them in place. The spore Aopens@ along the sutural valve and 
allows the infective binucleate sporoplasm to migrate from the spore casing and enter into 
the interepithelial spaces of the gut epithelium. Next, the binucleate sporoplasm 
undergoes schizogony, which produces many one-cell stages that begin gamogonic 
development. As a result of this multiplication process, the intracellular space of the 
epithelial cells in more than 10 neighboring worm segments may become infected. At 60- 
90 days post-infection (p.i.), pansporocysts with eight zygotes start the sporogonie phase.
This stage of development results in a pansporocyst containing eight folded 
triactinomyxon spores (TAMs), each possessing three clearly visible polar capsules, and 
situated between the gut epithelial cells of infected T. tubifex (El-Matbouli and Hoffman, 
1998). Finally, at about 94-110 days after exposure to the myxospores (El-Matbouli and 
Hoffman, 1989), TAMs are liberated into the gut lumen and excreted back into the 
environment either by egestion or when the host worm dies. Upon release from the 
pansporocyst, TAMs assume their final anchor-like form by inflating the stylus, which 
contains at least 64 spherical sporoplasm cells or sporozoites, and the projections of the 3 
valvogenic cells
(El-Matbouli et al., 1995; El-Matbouli and Hoffman, 1998). It should be noted that, once 
infected, T. tubifex can release TAMs for at least one year (El-Matbouli and Hoffman, 
1998) and harbor infection for the remainder of their lives (Gilbert and Granath, 2001). 
Unlike the myxospores which can tolerate harsh conditions (El-Matbouli and Hoffman, 
1991; Hoffman and Putz, 1969) and still remain viable for a period of years (Hedrick et 
al., 1998), TAMs are relatively fragile and short-lived. Though there are few conclusive 
studies of TAM longevity in the wild, in a controlled setting TAMs have reportedly 
survived and maintained infectivity for rainbow trout up to 15 days at a water temperature 
of up to 15"C (El-Matbouli et al. ,1999b). Salmonids become infected by exposure to free- 
floating TAMs. If the TAM contacts a suitable salmonid host, the three polar capsules 
located at the apex of the stylus discharge their polar filaments which anchor the parasite 
to the epithelium of the skin, gills or fins (El-Matbouli et al., 1995; El-Matbouli and 
Hoffman, 1998; Hedrick et al., 1998; Markiw, 1989). Once attached, the epithelial layer
is penetrated by the TAM sporoplasms which make their way up through the nervous 
system of the host and sporulate in the cartilage at the base of the cranium (El-Matbouli et 
al., 1995; El-Matbouli and Hoffman, 1998; Hedrick et al., 1998). When the salmonid host 
succumbs to age, predation or to the effects of the disease, myxozoan spores are released 
back into the environment where the cycle begins anew. Because salmonid fry and 
finger lings do not possess a fully developed immune system and because their spinal 
columns are cartilaginous as opposed to bone, they are the individuals most susceptible to 
this parasite (El-Matbouli et al., 1995; Hedrick et al., 1998; Markiw, 1991).
Myxozoan Phylogeny 
The phylum Myxozoa comprises more than 1,300 species, most of which are parasites 
of fish. Once classified as protists, the taxonomy of the Myxozoa is currently under 
review. While Stoic (as cited in Lom et al., 1997) suggested that myxozoans were more 
closely related to metazoans over a century ago, it is only recently that molecular analyses 
of ribosomal and HOX gene sequences have provided confirmation of these observations 
(Hedrick et al., 1998; Schlegel et al., 1996; Siddall et al., 1995; Smothers et al., 1994). 
Current phylogenetic analysis indicates that myxozoans are likely to be more closely 
related to metazoans and should be placed with either the cnidarians as suggested by 
Weill (as cited by Lom et al., 1997) or the bilateria (Schlegel et al., 1996; Siddall et al., 
1995; Smothers et al., 1994). Siddall et al. (1995) argued that if structural and functional 
relationships are considered, most notably the relationships between myxozoan polar 
capsules/ filaments and nematocysts, then the greatest similarity is to the cnidarians. In 
order to access myxozoan origins, Siddall et al. (1995) used phylogenetic analysis of
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morphological synapomorphies between myxozoans and metazoans in combination with 
small ribosomal subunit gene sequences. By examining representative morphological data 
relating to myxozoan ultrastructure and development gleaned from the pansporoblastic 
stages of Thelohanellus nikoîskii, a myxozoan parasite of the common carp Cyprinus 
carpio, they showed that myxozoans are highly derived parasitic cnidarians and a sister 
taxon to the narcomedusan. Polypodium hydriforme. In reaching this conclusion, Siddall 
et al. (1995) noted that ultrastructural examination of myxozoan development revealed 
many of the morphological synapomorphies that unite metazoans as a clade descended 
from a common ancestor. Specifically, metazoans exhibit multicellularity, terminal 
differentiation of some cells with a high division of labor, cellular junctions with 
intercellular communication, collagen production and acetylcholine/cholinesterase 
activity. Observations of myxospore development in T. nikolskii revealed a typical 
myxosporean pattern of spore development beginning with mitosis of the undifferentiated 
diploid germ-line cell into two daughter cells. Typical myxozoan ontogeny proceeds from 
there to a 4- or 5- cell stage and the onset of cellular differentiation. At this stage, the 
mature spore develops from the terminal differentiation of three cell lineages. The first 
lineage forms the valve shells, which after senescence, become the tough outer envelope 
surrounding the spore; the second forms the polar capsules whose ejectable filament 
serves to anchor the spore to the host; and finally, the third lineage consists of one or 
more sporoplasms that are the agents of infection. Like metazoans, myxozoans exhibit 
cell-to-cell microtubule-reinforced junctions that allow for transcellular communication 
of adjacent cytoplasm. In T. nikolskii, these cell-to-cell interactions occur at the junctions
of the sutural ridge between the two sporogenic (valve cells) cells. Siddall et al. (1995) 
noted that in metazoans, septate junctions and desmosomes serve as structural adhesions 
that bind adjacent cells and act to seal off cavities from adjacent environments. In some 
desmosomal junctions (as may typically be found between adjacent cells in intestinal 
epithelia) the points of contact between cells are characterized by the presence of 
apposing and intermittent desmosomal cytoplasmic plaques from which bundles of 1 Onm 
tonofilaments radiate into the cytoplasm. The associated intracellular space contains a 
central stratum of regularly spaced trans-membrane linkers of the septate junction. In T. 
nikolskii^ Siddall et al. (1995) observed that the cell-to-cell interactions which occur at the 
junctions of the sutural ridge between the two sporogenic (valve cells) cells appear to be 
identical to those found in metazoans in both structure and function. Similar cellular 
junctions have been observed in other myxozoans (Desportes-Livage, 1990). Finally, 
Siddall et al. (1995) pointed out that species of pansporoblastic and coelozoic myxozoans 
found developing inside a connective tissue cyst wall appear to exhibit extracellular 
collagen production. Thus, myxozoans would seem to exhibit four of the five 
synapomorphies listed for Metazoa.
In addition to sharing characteristics typical of multicellular animals, myxozoans also 
exhibit structures and developmental patterns characteristic of animals found in the 
Cnidaria. Minimally, synapomorphies for Cnidaria include radial morphological 
symmetry, planula larvae and the presence of nematocysts. Like many cnidarians, 
myxozoans have a dimorphic life cycle with both sessile and aquatic forms (Hedrick et 
al., 1998; Siddall et al., 1995). The most striking similarity to cnidarians however, is the
myxozoan polar capsule, which closely resembles the cnidarian nematocyst, both in 
structure and function. As early as 1899, Stoic (as cited by Lom et al., 1997) recognized 
the structural exactness between the stages in the ontogeny of a myxozoan polar capsule 
and similar stages in cnidarian nematocyst development. Siddall et al. (1995) stated that 
reinterpretation of this development for T. nikolskii reveals A. . . a typical cnidarian 
nematocyst primordium (=polar capsule primordium) and pre-inverted tubule (=extemal 
tubule) forming within the cytoplasm of a cnidocyte (=capsulogenic cell). Intermediate 
stages in the development exhibit the formation of the nematocyst thread (=fllament) with 
a stereotypical sigmoidal shape in cross section both in the pre-inverted tubule and in the 
primordium. @ Further observations note the similarities in the maturation process of the 
myxozoan Apolar capsule® and the same process within the developmental processes of 
nematocysts. Both entail the inversion of the tubule into a A. . . reinforced cyst with an 
opercular cap (^capsular plug), and the thickening of the thread into an isorhiza (=polar 
filament) that is both coiled and twisted around its axis. . .®. Thus, Siddall et al. (1995) 
concluded A. . . myxozoan ‘polar capsules’ within ‘capsulogenic cells’ are unmistakably 
homologous with cnidarian nematocysts within cnidocytes.® The placement of 
myxozoans within the cnidarian clade is further supported by the observation that 
development of coelozoic and pansporoblastic myxozoans strongly resembles the 
development of parasitic >narcomedusian= cnidarians like P. hydriforme (Lom, 1990; 
Sidall et al., 1995).
As mentioned above, myxozoans have a two-stage life cycle that consists of an 
actinosporean stage that infects teleost fishes and a myxosporean stage that infects
oligochaetes. While the myxosporean stage of myxozoans may not exhibit radial 
symmetry, the actinosporean stages of many myxozoans do, thereby conferring this trait 
to myxozoans in general (Sidall et al., 1995).
Structure of the myxozoan spore 
The morphology of the polar capsules in the myxospores of M cerebralis is similar to 
the atrichous isorhiza found in the polar capsules of other cnidarians. The myxospore of 
M. cerebralis consists of two shell valves enclosing an infectious binucleate sporoplasm 
and two polar capsules that are formed as extensions of golgi-derived vesicles 
(Figures 1 and 2). The myxospores as described by Lom and Hoffman (1971) A . .. are 
often asymmetrical, and viewed latitudinally, are broadly lenticular, with both shell 
valves being considerably vaulted. @ The approximate dimensions of the myxospore are: 
length 8.7 pm, width 8.2pm, and thickness 6.3pm. The spore wall is approximately
Polar capsule 
Operculum
Sporoplasm
Polar capsule
Spore wall
Figure 1 Horizontal view of M cerebralis myxospore 
stained with methylene blue. Original photo X 765
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Figure 2. Scanning electron micrograph of 
M. cerebralis myxospore. Photo courtesy 
of University of Montana Electron 
Microscopy Facility, Missoula, MT.
0.25pm thick (Lom and Hoffman, 1971). Myxospores of M. cerebralis are characterized 
by a deep furrow which runs parallel to the sutural border and circumvents the thickened 
part of the sutural border at the anterior end of the spore. Two oviform polar capsules 
measuring approximately 5.1pm by 3.2pm are surrounded by thick electron-lucent walls 
and are sealed at the anterior ends by an opercular cap (Lom and Hoffman, 1971; Lunger 
et al., 1975) (Figure 1). The polar capsules of M cerebralis are composed of an outer 
sheath surrounding a homogeneously dense matrix (Lom and Hoffman, 1971; Lunger et 
al., 1975).
In many cnidarians the inner capsule wall is mainly composed of bundles of small 
collagens (minicollagens) having only 14 Gly-X-Y repeats (Brand et al., 1993; Engel et 
al., 2001; Holstein et al., 1994). Numerous intermolecular disulfide bonds found in 
association with these minicollagens are thought to provide a plausible explanation for 
the high tensile strength and elasticity found in the walls of the polar capsule (Brand et 
al., 1993; Engel et al., 2001; Holstein et al., 1994). The outer walls of many cnidarian 
polar capsules are composed of globular proteins (Brand et al., 1993; Engel et al., 2001).
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In contrast, a study conducted by Lunger et al. (1975) noted that the capsular wall in M. 
cerebralis myxospores has a density and texture resembling that of the chitinous perisarc 
surrounding certain marine hydroids (Lunger et al., 1975). In another study, Lukes et al. 
(1993) found that the outer walls of the polar capsules of M. muelleri and M. 
subepithelialis contain considerable amounts of chitin (Lukes et al., 1993). Based on 
these findings, Lukes et al. (1993) speculated that the walls of the polar capsules in other 
species of Myxobolus might also contain chitin. As no definitive studies have been 
conducted on the composition of the walls of the polar capsules in the myxospores of M 
cerebralis, their makeup remains unknown. The polar filament (atrichous isorhiza) makes 
5-6 coils inside the capsule and measures -  50pm fully extended (Figure 3).
Figure 3. M  cerebralis myxospore with extended 
polar filaments after discharge of polar capsules. 
SEM photo courtesy of University of Montana 
Electron Microscopy Facility, Missoula, MT.
The sutural border is well defined and has two openings on the anterior face that are 
apparently the openings for the polar filaments (Lom and Hoffman, 1971; Lunger et al., 
1975). Using SEM, Lom and Hoffman (1971) reported the presence of a mucus envelope
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around the posterior end of the spore (note Figure 2) although Lunger et al. (1975), using 
a TEM technique, remarked on its absence. This mucus envelope is now thought to be an 
artifact, presumably from the host (Lunger et al., 1975).
Physiology of polar capsules 
The polar capsules of cnidarian nematocysts are known to possess high intracapsular 
pressures (Gitter et al., 1994; Lubbock and Amos, 1981) and it has been noted that there are 
significant changes in capsular volume which occurs immediately prior to and following 
eversion of the polar filament(s) (Holstein and T ardent, 1981). It has also been reported that 
both osmotic and mechanical forces appear to play significant roles in initiating discharge 
and eversion of polar filament(s) (Holstein and Tardent, 1981).
High concentrations of the cations Mĝ "̂  and Ca^  ̂have been found in the polar 
capsules of holotrichous isorhiza of many cnidarians (Gerke et al., 1991; Lubbock, Gupta 
et al., 1981; Mariscal, 1988; Weber et al., 1987). Numerous studies conducted on various 
cnidarians indicate that nematocyst discharge is often a calcium-dependent process (Gitter 
et al., 1994; Lubbock and Amos, 1991; Lubbock, Gupta et al., 1981; Salleo et al., 1988; 
Santoro and Salleo, 1991; Watson and Hessinger, 1994) and that a massive efflux of 
calcium from the polar capsules often immediately precedes discharge (Lubbock and 
Amos, 1981; Lubbock, Gupta et al., 1981; Salleo et al., 1988; Salleo et al., 1996). In such 
cases, it is hypothesized that the discharge of the polar capsules is due to a rapid rise of 
osmotic pressure within the polar capsule in conjunction with mechanical energy stored 
in the inverted and coiled polar filament (Holstein and Tardent, 1981; Watson and Mire- 
Thibodeaux, 1994). While the exact mechanism of discharge is unknown, evidence
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indicates that calcium, bound or in aggregation with certain polyanions, probably poly(y- 
glutamic) acids in the nematocyst matrix, is suddenly released as free calcium (Weber, 
1990, 1991). It is thought that the sudden release of the Ca^  ̂cation from the polar capsule 
into the surrounding cytoplasm results in the de-aggregation of the proteins associated 
with calcium. This produces numerous smaller highly osmotic compounds that when 
released into the capsule fluid (Watson and Mire-Thibodeaux, 1994) causes a resulting 
increase in osmotic pressure. There have been numerous studies conducted in order to 
determine what stimuli are required to initiate cnidocyte discharge. The results of those 
studies seem to indicate that different stimuli are needed according to the environment, 
purpose and biophysical characteristics of the cnidocyte type.
In studies on the holotrichous isorhiza of Pelagia noctiluca, Salleo et al. (1983,
1984) found that the discharging effectiveness of lyotropic anions followed the 
Hofmeister series: S O /' <CH3COO- < F-<Cl-<Br-<N0]-<I-, C104-<SCN-. Santoro and 
Salleo (1991) found that in Aiptasia mutabilis, nematocyst discharge could be induced by 
addition of lyotropic anions, but only if Ca^  ̂was present in the solution.
In studies of calcium- and voltage-dependence of nematocyst discharge (stenoteles and 
isorhiza) in Hydra vulgaris^ Gitter et al. (1994) found evidence that it is a voltage- 
activated influx of calcium through the apical ion channels which initiates nematocyst 
discharge (Gitter et al., 1994). In reaching this conclusion, Gitter et al. (1994) studied the 
effects of Câ "̂  concentrations, potassium concentrations and electrical stimulation on the 
process of discharge. In each case, they found that an external calcium concentration of 
at least 10^ M was required in order for discharge to occur. It has been hypothesized that
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the mechanism by which eversion occurs involves a calcium-dependent potassium 
channel (Gitter et al., 1994). In other secretory cells and in many cnidarians, the eversion 
process begins with the depolarization of the nematocysts’ apical cell membrane (as cited 
by Gitter et al., 1994). This depolarization is triggered by Ca^  ̂and results in the opening 
of voltage-activated Ca^  ̂permeable ion channels and Ca^  ̂influx. Further, a Ca^^- 
dependent K^-induced discharge has also been observed in isolated spirocytes (as cited by 
McKay and Anderson, 1998). Gitter et al. (1994) also observed a steep increase in the 
rate of electrically-induced discharge when nematocysts were placed in electrical fields of 
3.5 kV/m suggesting that a certain threshold of activation is necessary in order to initiate 
the discharge process. They also indicated that their results seem to be in contrast to the 
findings of Anderson and McKay (1987) and McKay and Anderson (1988) who found 
that cyst discharge was not affected by changes in the membrane potential of nematocytes 
and spirocytes. According to Gitter et al. (1994), this discrepancy may have been due the 
methodology used in those studies e.g., the absence of adequate stimulation and/or that 
the impalement of the cyst by microelectrodes may have caused some nematocysts to 
become insensitive to membrane depolarization.
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METHODS
General: Myxospores of M cerebralis were collected by removing the head and gill 
arches of infected rainbow trout {Oncorhynchus mykiss ). The heads were pureed in a 
standard blender containing well water for approximately 15 minutes. The resultant slurry 
was strained through two layers of wire mesh and several layers of cheesecloth to remove 
gross particulate matter. The spores in the remaining liquid were concentrated using the 
continuous plankton centrifuge method described by 0=Grodnick (1975). Further 
purification, if required, was accomplished by centrifugation of the resulting myxospore 
suspension at 3000 rpm for 10 minutes, removing the concentrated pellet and 
resuspending it in well water. Methylene blue staining was used to determine myxospore 
viability unless it was determined that this stain reacted with the test solution.
This study had three objectives:
The first objective was to examine the relationship between calcium concentration and 
its efficacy to cause discharge of the polar filaments of the myxospores of M  cerebralis. 
The discharging mechanism of the polar capsules in the myxospores of M. cerebralis was 
examined based on the similarities between myxosporean polar capsules and cnidocytes 
found in various cnidarian species. Following guidelines and experimental procedures 
described in the literature, polar capsules of M cerebralis myxospores were exposed to 
stimuli known to induce the discharge of cnidarian cnidocytes. The stimuli used in these 
experiments were grouped into separate subsections as follows: the effects of calcium on 
discharge (including channel blockage and chelation); the effects of various salts (with or 
without calcium); potassium induced de-polarization; and electrically induced discharge
16
(with or without salts being present).
To determine whether changes in Ca^  ̂concentration could induce discharge, Ca^  ̂in 
the form of CaCl] was added to a suspension of myxospores from M. cerebralis. If 
discharge occurred, experiments were conducted to determine the minimal concentration 
of CaCl] required to elicit this effect. In addition to Agross@ changes in the calcium 
concentration (i.e. the direct addition of calcium chloride), the effects of a calcium 
channel blocker (GdClg) and chelators (potassium citrate and EGTA) on the system were 
examined. All materials were kept at 4EC until needed.
Procedure: A suspension of approximately 500 myxospores per ml of well water 
was placed in 5 wells of a 24-well tissue culture plate. In the initial test, a solution of 
Tris-acetate (TA) buffer (0.04 M, pH 7.2) and calcium chloride (10^ M ) was added to 
each well. For each additional set of wells, the concentration of CaCh was increased to 
0.1 M, 0.5 M, 1 M, 1.5 M and finally, to a concentration approaching saturation. Each 
concentration was tested in 5 wells. Each group of wells was observed under a 
microscope at intervals of 15 minutes, 30 minutes, 1 hour and 24 hours. The number of 
spores in each group whose polar capsules discharged was quantified visually under a 
microscope. A control group (5 wells) containing no CaCli was observed at the same 
intervals.
Calcium Chelators
Procedure: A suspension of myxospores in water was placed in 5 wells of a 24-well 
tissue culture plate. Following the procedure outlined by Lubbock and Amos (1981), 50 
pi (-- Aa droplet®) containing 10 mM potassium citrate and 10 mM imidazole buffer was
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added to each well. Another 5 wells received 50 p,l of a solution containing 10 mM of 
potassium citrate only. To examine the effect of EOT A, another chelating agent, test 
solutions containing either 0.1 mM or 0.5 mM EOT A were added to wells containing a 
suspension of myxospores. Again, each concentration was tested on 5 wells containing 
myxospores. Wells containing only a suspension of myxospores and well water were used 
as controls.
Calcium Channel Blockers 
Procedure: An aqueous suspension of M  cerebralis myxospores was pipetted into 5 
wells of a 24-well tissue culture plate. In the first series of wells, a starting concentration 
of 10'  ̂M GdCl] was added. This concentration was increased or decreased in further tests 
as determined by measuring the rate of discharge inhibition. As per Gitter et al. (1994), 
the contents of each well was stirred with a pipette by refilling and emptying the pipette 
20 times while slightly moving the pipette. After a period of several minutes, CaCli, at a 
concentration known to elicit discharge (if obtained from previous experiments) was 
added to each well, and the results observed microscopically. The percentages of 
discharged myxospores were enumerated by visual count under a microscope.
Salts
Procedure: To test the ability of various salts to cause discharge of the myxosporean 
polar capsules, TA buffer solutions containing one of the following salts: KCl, LiCl, Nal, 
KI, Na2S0 4 , NaSCN, or (NH4)2S0 4  were added to five 4-mm wells of a 24-well slide.
All salts were tested at 0.1 M, 0.5 M and 1 M concentrations. To ensure reproducibility of 
the experiment, each concentration of a given solution was used in five 4-mm wells. To
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determine whether a baseline level of Ca^  ̂was required to initiate discharge, two sets of 
experiments were performed. A buffer solution containing a minimal amount of Ca^  ̂
(1x10"^ M) was added to one group of wells while a Ca^^-free buffer was added to 
another set of wells. As a control, M  cerebralis myxospores not exposed to salts were 
examined for discharge. To observe the efficacy of each test solution, the media in each 
well was examined using a microscope at intervals of 1, 15, 30 minutes, 1 hour and 24 
hours.
-induced membrane depolarization 
Procedure: Following the methodology outlined by Gitter et al. (1994), 5 pi of test 
solution, containing 100 mM KCl, 0.5 M or 1 M KCl, and 10"̂  M Ca^\ were added to a 
series of 5 wells. The wells were carefully stirred with the pipette by refilling and 
emptying the pipette 20 times while slightly moving the pipette. Counting of the 
discharged polar filaments began after 30 seconds. Myxospores with discharged polar 
filaments were enumerated by direct visual count under a microscope and percentages of 
myxospores discharged calculated by dividing by the total number of myxospores present.
A control group of 5 wells without K^ was observed and the percentage of myxospores 
exhibiting discharged polar filaments calculated in the same manner as described above.
Electrical stimulation 
Procedure: To test the idea that electrical stimulation alone may induce discharge of 
myxozoan polar filaments, a suspension containing myxospores in a TA buffer was 
placed into a series of 1 ml wells within a standard horizontal agarose electrophoretic gel. 
A voltage of known amplitude and duration was run through the gel. Following exposure
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to this charge, the liquid was removed from each well and examined with an inverted 
microscope. The percentage of spores exhibiting discharged polar filaments was 
enumerated using light microscopy. A control group of myxospores was placed into wells 
of a similar gel containing the same reagents, but was not subjected to electrical current. 
As in previous experiments, all solutions were tested in five wells.
Procedure: To determine whether electrical stimulation in conjunction with chemical 
stimulation causes discharge of myxozoan polar filaments, the procedure described above 
was employed except, in addition to myxospores, various concentrations of calcium 
and/or potassium salts were added to each well.
Initially, the second objective in this study was to determine whether resistance to M 
cerebralis of some strains of T. tubifex and of L. hoffmeisteri was due to a failure of the 
discharge process or some post-polar filament firing event. However, as other studies (El- 
Matbouli et al., 1998a; El-Matbouli, unpublished data, cited in Beauchamp et al., 2002) 
have established that in M. cerebralis discharge occurs in both susceptible and resistant 
strains, and that discharge occurs in non-permissive species, including L. hoffmeisteri 
(Hedrick et al., 1998), no additional experiments were conducted for this study. 
Additionally, previous studies (El-Matbouli and Hoffman, 1989; Gilbert and Granath, 
2002; Kerans et al., 2004; Wolf et al., 1986 ) have indicated that L. hoffmeisteri is an 
unsuitable host and unable to sustain infection.
Crude fractionation of J. tubifex
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The third objective of this study involved the crude fractionation and characterization 
of resistant and susceptible strains of T. tubifex, and the ability of the fractions to 
stimulate polar filament firing in myxospores of M. cerebralis.
Procedure: For fractionation, 20 members of the each oligochaete population were 
washed in sterilized well water. The worms were added to a chilled homogenization 
buffer solution (0.1 M sodium phosphate, pH 7) containing a broad-range protease 
inhibitor with EDTA (35pg/ml PMSF, 0.3 mg/ml EDTA, 0.7 pg/ml Pepstatin A, and 0.5 
pg/ml Leupeptin) or the same broad-based protease inhibitor without EDTA (Bollag and 
Edelstein, 1991, pg 23) and then homogenized using a Dounce tissue grinder. To further 
reduce proteolytic activity during the homogenization procedure the Dounce tissue 
grinder was kept cold by placing it on ice. The water-soluble proteins found in the ground 
tissues of each group were separated from the tissues by low speed centrifugation. The 
water-soluble proteins, which collect in the supernatant, were fractionated using 
centrifugal ultra-filtration through molecular sieves (Centricon 3,000 (YM-3), 10,000 
(YM-10), 30,000 (YM-30), 50,000 (YM-50), and 100,000 (YM-100) nominal molecular 
weight cutoffs in daltons) following the manufacturer’s recommendations. To ensure a 
more complete recovery of the protein(s), the filters were washed with a small amount of 
buffer solution. The crude protein extract (CPE) and the various fractions were tested for 
their ability to cause polar filament discharge in M. cerebralis myxospores.
Procedure: After each fraction was isolated by size exclusion, a standardized test 
solution for each fraction was made. Each test solution was added to a series of 5 wells 
containing at least 80 spores each. Each well was examined for myxospores with
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discharged polar filaments at intervals of 1, 15 and 30 minutes, 1 hour and 24 hours. 
Homogenization buffer was added at a 3-5 volumes buffer per volume of tissue.
In all experiments the final percentage of spores found to be discharged or dead, was 
calculated by establishing a baseline (control) ratio of viable to non-viable spores (as 
established by vital staining with methylene blue) and then subtracting this baseline from 
the count in any given sample. Baselines were established by counting the viable and non- 
viable spores in the spore sample tubes every two to four weeks. All materials were kept 
at 4EC. The pH of the solutions used was kept close to 7.0 to increase biological 
relevancy.
Results 
Calcium Concentration
As the concentration of calcium was increased the number of dead myxospores and 
those with discharged filaments also increased (Figure 4). At levels approaching 
saturation, calcium chloride caused the Adeath@ or discharge of most of the myxospores. 
No results are available at this concentration for a 24-hour period because the medium 
Agelled@ after several hours. It should be noted that calcium chloride at concentrations 
above 0.1 M disallowed the use of methylene blue in the determination of spore viability 
as no staining occurred.
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Figure 4. The effect o f various calcium concentrations on M cerebralis myxospores at 15 minutes,
1 hour and at 24 hours.
Further, when concentrations of calcium chloride above 0.1 M were added to 
myxospores previously stained, the stain was Astripped© from those myxospores.
Calcium chloride at levels above 0.1 M caused a noticeable discoloration in myxospores 
with hues ranging from a light yellow to black. Since methylene blue is normally used as 
an indicator for spore viability, another method was used to determine viability. It was 
found that myxospores that had been severely discolored by Ca^  ̂could not be induced to 
discharge; therefore, myxospores were counted as Adead@ if they appeared black or 
nearly so. It should be noted that although high concentrations of Ca^  ̂seemed to cause an 
elevated Adeath@ rate among the myxospores tested, no significant discharge of the polar 
filaments was observed.
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Calcium Chelators
Figures 5, 6 and 7 illustrate the effects of imidazole, imidazole with potassium citrate, 
and EGTA on spore death and/or polar filament discharge in myxospores of M 
cerebralis. Lubbock and Amos (1981) reported that imidazole only affected discharge in 
the cnidocytes of the sea anemone, Rhodactis rhodostama, when combined with 
potassium citrate. When imidazole and imidazole with potassium citrate were tested on 
myxospores of M cerebralis, no significant difference in discharge effectiveness was 
seen whether potassium citrate was present or not. The chelator, EGTA (Figures 6 and 7), 
caused a much higher rate of filament discharge than the imidazole or imidazole/citrate 
mixture though both chelators resulted in numerous discharges. Curiously, at 0.5 mM 
EGTA (Figure 7), the number of dead or discharged myxospores was found to be far 
fewer after 24 hours than after either the initial 15 minute or 1 hour exposures. Upon re­
examination of the numbers counted it was found that the total number of myxospores 
present in the 24 hour samples was less than one third of the myxospores present in the 
other samples. It is possible that the low number of myxospores present in the 24 hour 
samples resulted in a less accurate representation of the overall percentage of dead or 
discharged myxospores in those samples.
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Figure 5. A comparison of the effect o f lOmM Kcitrate versus the effect o f lOmM Kcitrate 
and Imidazole on the myxospores of M cerebralis with standard deviations.
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Figure 6. The effect of ImM EGTA on M. cerebralis myxospores at 15 minutes, 1 hour and 24 hours 
with standard deviations.
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Figure 7. The effect of 0.5 mM EGTA on M cerebralis myxospores at 15 minutes, 1 hour and 24 hours 
with standard deviations.
Calcium Channel Blockers
The effects of gadolinium chloride (GdCb*6 H2 0 ), a known calcium channel blocker, 
are shown in Figure 8 . Data obtained from the experiments involving calcium chloride 
indicated that while higher concentrations of calcium seemed to cause the Adeath@ of 
myxospores, few discharges occurred. When gadolinium chloride was tested, numerous 
discharges occurred, even at very low concentration. As no significant levels of filament 
discharge were observed in the calcium experiments, tests were not conducted using both 
calcium and GdCl3*6 H2 0 .
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Figure 8. The effects of GdClg on M. cerebralis myxospores at 15 minutes, 1 hour and 24 hours with 
standard deviations.
Effects of salts on discharge and viability
The percentage of discharge and/or death of the myxospores caused by various salts 
after 24 hours, for 1 M and 0.5 M, are shown in Figures 9 and 10 respectively. As can be 
seen in Figure 9, at thel M concentration calcium chloride had the greatest effect on 
myxospore viability and/or discharge, followed by: KI, NaSCN, Na2(S04), Nal, LiCl, 
(NH4)2S04, NaCl, and KCl. At the 1 M concentration, all of the salts tested resulted in 
some degree of myxospore death as determined by vital staining with methylene blue. No 
significant filament discharge was seen with any salt except 1 M KI. Tests run at 1 M KI 
resulted in numerous filament discharges, even from myxospores that took up no stain. 
Figure 10 indicates that 0.5 M Na2(S04) had the greatest effect on the myxospores, 
followed by: NaSCN, CaCh, Nal, KI, NaCl, (NH4)2S04, KCl, and LiCl. Again, although
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the 0.5 M concentration of these salts resulted in the death of a percentage of the
myxospore population, no significant filament discharge was observed. Surprisingly,
0.5 M KI failed to produce significant filament discharge.
Figure 11 compares the effects of these same salts at 0.1 M with and without 1 *10"  ̂M 
Ca^ .̂ For comparison, these results are shown separately along with their corresponding 
standard deviations in Figures 12 and 13.
40
35
30
20
15
10
0
1 M sa lts  a t 24 hours
■f
<1/
n  P e rcen t d ischa rged  ■  Overall dead
Figure 9. The effects of various IM salts on M cerebralis myxospores at 24 hours with standard 
deviations.
28
0.5 M salts at 24 hours
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Figure 10. The effects of various 0.5M salts on M cerebralis myxospores at 24 hours with standard 
deviations.
0.1 M s a l t s  + /—c a l c i u m  a t  2 4  h o u r s
17 .1
s
El with Calcium ■  without Calcium
Figure 11. The effects of various 0.1M salts (with and without the presence of ! 0‘'’M calcium) on M.
cerebralis myxospores at 24 hours.
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Figure 12. The effects of various O.IM salts (with lO'̂ M̂ calcium) on myxospores of M cerebralis at 24 
hours with standard deviations.
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Figure 13. The effects of various O.IM salts (no calcium) on myxospores of M cerebralis at 24 hours with 
standard deviations.
Potassium-induced depolarization
The effects of potassium chloride, both in the presence and absence of a minimal 
amount of calcium chloride (1*10^ M) are shown in Figure 14. As can be seen, when 
even a minimal amount of calcium chloride is added to the suspension, the
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discharge/death rate of the myxospores is decreased at the 1 M and 0.5 M concentrations 
of KCl. Of note is that at 0.1 M, KCl has a higher discharge rate than either 1 M or 0.5 M 
KCl. This holds true whether Ca^  ̂was present or not. Further, at the latter concentration, 
the presence of Ca^  ̂increased the rate of discharge or myxospore death.
KCl +/- C a l c i u m
□  1M  KCI-n
□  0.5IVI K C I-
1 M K C I-+  □  0 .5 M  KCI-n  
0 .1 M  K C I-n  □ 0 . 1 M K C I - +
Figure 14. The effects of various concentrations of KCl (with and without 10 ‘̂ M calcium) on 
myxospores of M. cerebralis at 24 hours with standard deviations.
Electrical Experiments
A series of experiments was planned using an electric field and/or various cationic or 
ionic salts in an attempt to elicit the discharge of the polar filaments. These experiments 
involved standard electrophoretic gels and apparati. When this was tried, however, it was 
discovered that this approach had two serious limitations. First, it was difficult to 
accurately measure either the time or the voltage on the scale required with the equipment 
at hand, and second, the spores, upon exposure to electrical current, migrated into the
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agarose matrix making an accurate enumeration of the discharged spores impossible. A 
second gel at twice the standard density was run and examined. Again, the spores 
migrated into the gel matrix and produced unusable results.
Protein Results
The results of the protein fractionation experiments are shown in Figures 15 and 16. In 
Figure 15, the soluble proteins extracted and fractionated are from a population of T. 
tubifex from the Great Lakes region. This population is known to be resistant to infection 
by M. cerebralis. In Figure 16, the proteins extracted and fractionated are from a 
population of T, tubifex from the Mt. Whitney region in California. This population is 
known to be especially susceptible to infection. The protease inhibitor cocktail used in 
these experiments (Bollag and Edelstein, 1991, pg. 23) uses EDTA. Since EDTA may act 
as a calcium chelator, two sets of experiments were performed. In the first set, the 
cocktail contained EDTA. In the second set, the same cocktail minus EDTA was used.
Great Lakes +/- EDTA
(TJ CD 2 0O) Q)
1
24 hours
□ CPE + □ CPE ■ YM-3 □ YM-3 -t- □ YM-10 ■  YM-10 + □ YM-30
■  YM-30 + □  YM-50 ■  YM-50 + ■ YM-100 □ YM-100 +
Figure 15. The effects of water-soluble proteins (+/— EDTA) extracted from a population of T. tubifex 
from the Great Lakes region of the U.S. on myxospores of M. cerebralis at 24 hours.
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Figure 16. The effects of water-soluble proteins (+/-- EDTA) extracted from a population of T. tubifex 
from Mt. Whitney, Ca. on myxospores of M. cerebralis at 24 hours with standard deviations.
A comparison of the percentages of myxospore death or discharge caused by any 
protein fraction from either strain falls within a narrow range, though protein fractions 
from the Mt. Whitney strain have a slightly more pronounced effect (Figures 15 and 16). 
With the notable exception of the YM-10 (10 Kd) protein fraction extracted from the 
Great Lakes oligochaete population, fractions containing EDTA elicited a greater overall 
response. Curiously, only myxospores exposed to the YM-3 (3 Kd) protein fraction (with 
EDTA) extracted from the Great Lakes strain extruded their polar filaments in 
considerable numbers (approximately 3% discharged).
Discussion
Because Ca^  ̂has been shown to play an important role in the discharge of many types 
of cnidarian nematocysts (Gitter et al., 1994; Lubbock and Amos, 1981; Lubbock, Gupta,
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1981; Salleo et al., 1988; Santoro and Salleo, 1991; Watson and Hessinger, 1994) it was 
reasonable to assume that Ca^  ̂concentration would also affect the discharge of the polar 
capsules in M. cerebralis myxospores. There are two opposing hypotheses regarding the 
action of Ca^  ̂on the discharge process. The first maintains that increases in external Ca^  ̂
concentration will elicit discharge (Gitter et ah, 1994), while the second proposes that 
discharge is initiated by removal of bound Ca^  ̂from the capsular matrix (Lubbock and 
Amos, 1981). In this study, both hypotheses were tested. To test the first hypothesis, Ca^  ̂
in the form of CaCU, was introduced into a suspension of myxospores from M. 
cerebralis. In this study, results showed that as Ca^  ̂concentrations increased so did the 
rate of Adeath© or discharge in the myxospores. On the surface, the findings of this study 
seem to support this theory, but it should be noted that even though very high 
concentrations of Ca^  ̂caused the inactivation or “death” of the myxospores, few actually 
discharged their polar filaments. Further, high myxospore mortality was seen only after a 
prolonged period of exposure (i.e. 24 hours). These results would seem to indicate that 
while the external Ca^  ̂concentration may have an effect on the discharge process, it most 
likely acts as an inhibitor.
The second hypothesis is that removal of bound Ca^  ̂initiates polar filament 
discharge. This hypothesis was tested using calcium chelating agents. Calcium chelating 
agents, such as EGTA, citrulline or citrate, are known to stimulate the discharge of polar 
capsules in some cnidarian cnidocystes (Lubbock and Amos, 1981; Salleo et al., 1995; 
Santoro and Salleo, 1991). Lubbock and Amos (1981) induced holotrichous isorhiza of 
Rhodactis rhodostoma to discharge upon addition of a Adroplet@ containing 10 mM
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potassium citrate and 10 mM imidazole buffer at a pH of 7.0 and observed similar effects 
on addition of EGTA. Blanquet (1970) suggested that calcium ions stabilize nematocysts 
and that their removal was the cause of discharge. Based on these results, Lubbock and 
Amos (1981) hypothesized that the capsule wall is permeable to water and charged 
molecules of low molecular weight. Further, they believed that discharge was initiated by 
an increase in the osmotic pressure of the capsular fluid brought about by removal of 
bound Ca^ ;̂ hence, the ability of chelating agents to initiate discharge. This hypothesis 
was further supported by the fact that discharge was fully inhibited when 50 mM of CaCh 
was added to the citrate/imidazole solution. Salleo et al. (1996) reported discharge of 
acontial nematocysts when 0.2 mM EGTA was substituted for CaCb in a medium of 
Ca^^- free artificial sea water (ASW). The results of this study agree in part with those of 
Lubbock and Amos (1981). They differ in that Lubbock and Amos (1981) found that 
imidazole in the absence of potassium citrate failed to induce discharge while in this 
study there was no significant difference in the level of discharge exhibited in either the 
presence or absence of potassium citrate. This discrepancy may be due to a greater 
sensitivity to depolarization in the test subjects (marine cnidarians vs. freshwater 
myxozoans). Experiments were also conducted using 0.5mM and ImM EGTA (Figures 6 
and 7). To maintain conditions that were of biological relevance, both solutions had pH 
values close to 7 (~7.03 for the 1 mM solution). Significant numbers of discharged 
myxospores were observed in both solutions within 24 hours of exposure.
All chelators that were tested induced significant levels of discharge in these 
experiments. These results lend support to the theory that Ca^  ̂egress from the myxospore
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(polar capsules) is an important part of the normal discharge process.
Calcium channel blockers
Gitter et al. (1994) reported that if 10'  ̂M gadolinium chloride (GdClg ) was added to 
the medium prior to electrical stimulation, only 7% of nematocytes in Hydra vulgaris 
were induced to discharge. Further, organic blockers of voltage activated L, T, or N-type 
channels had no effect (Gitter et al., 1994). In another study, Salleo et al. (1994) found 
that a concentration of 50 pM/L'* of gadolinium (Gd^^ acted to block activation of the 
nematocytes of Pelagia noctiluca. Surprisingly, in the present study, it was found that not 
only did GdCl] not inhibit discharge, it enhanced it. One possible explanation for this 
result may be related to the trivalent positive charge of the gadolinium. Morris (1990) 
found that Gd^  ̂blocks the stretch-activated cation channels (SACat) that function in 
osmotic regulation. These channels are blocked at a site in the permeation pathway for 
Ca^  ̂and Na^ located outside of the membrane electric field. This results in a screening of 
the membrane surface charge by reducing single channel current through the membrane. 
In nematocysts, the matrix of the polar capsules is thought to contain Ca^  ̂bound or in 
aggregation with polyanions, probably poly(y-glutamic acid)s. According to Weber 
(1989), the polymers found in the matrix material are negatively charged and that for 
reasons of electro-neutrality, there must be an equal amount of constant positive counter 
charge present in close proximity. Due in part to its masking of the membrane surface 
charge, and because of its strongly positive charge, bound Gd^  ̂might significantly alter 
the charge ratio found inside the nematocyst. Discharge in nematocysts is thought to be 
due to a combination of osmotic swelling and mechanical forces (Holstein and Tardent,
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1981). It is also believed that rapid rises in intracapsular osmotic pressure occur when 
bound or aggregated Ca^  ̂ (Weber, 1990, 1991) is suddenly released into the capsular 
matrix, and that this release results in the de-aggregation of proteins associated with this 
Ca^  ̂which results in the formation of numerous smaller highly osmotic compounds 
(Watson and Mire-Thibodeaux ,1994). A significant charge imbalance (such as that 
created by the binding of Gd^^) within the nematocyst could have unintended but serious 
consequences. For instance, a charge imbalance in the capsular environment might 
weaken the charge interaction(s) between the aggregated Ca^  ̂and the internal proteins. 
Since Ca^  ̂release is an initial step in normal discharge, a significant charge imbalance 
could result in the initiation of the discharge process. Another result of such an imbalance 
might be the ingress of a large number of anions to counter the positive charge created by 
Gd^  ̂binding. Such an influx of anions could cause an overall increase in osmotic 
pressure within the nematocyst and ultimately result in its discharge.
Effects of various salts on death and discharge 
Studies conducted by Salleo et al. (Salleo et al., 1983; Salleo et al., 1984) on the 
holotrichous isorhiza of Pelagia noctiluca indicate that the discharging effectiveness of 
lyotropic anions follows the Hofmeister series: S0 4  ̂“ < CH3COO " < F ” < Cl “ < Br ® < 
NO3 " < I ”, CIO4 “ < SCN ” . Evidence indicates that a conformational change of a 
protein molecule located either in the capsule fluid or in the capsule matrix is involved in 
the discharge process. This hypothesis is further supported by the findings that the order 
of effectiveness of anions in the discharge process follows the lyotropic series 
(Salleo et al., 1983).
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Based on the findings of Salleo et al. (Salleo et al., 1983, 1984) a series of in vitro 
experiments was conducted to test the discharging efficacy of various salts on the polar 
capsules in M  cerebralis myxospores, and to ascertain whether the discharging 
effectiveness of these salts, as observed by Salleo et al. (1983, 1984) is the same in the 
myxospores of M  cerebralis. In these experiments (after 24 hours), 1 M calcium chloride 
had the greatest effect on myxospore viability and/or discharge, followed by: KI, NaSCN, 
Na2(S04), Nal, LiCl, (NH4)2S04, NaCl, and KCl (Figure 9). Figure 10 indicates that 0.5 
M Na2(S04) had the greatest effect on the myxospores, followed by: NaSCN, CaCb, Nal, 
KI, NaCl, (NH4)2S04, KCl, and LiCl. Even after taking into consideration the standard 
deviations, these results appear to differ considerably from those obtained by Salleo et al. 
(1983, 1984). However, Figures 9 and 10 in this study reflect the percentage of 
myxospore mortality rather than the percentage of discharges reflected in studies by 
Salleo et al. (1983, 1984). In this study, only 1 M KI was observed to cause a significant 
number of discharges, a result that does correspond with Salleo et al. (1984). Other salts 
caused discoloration and varying levels of myxospore mortality but few discharges. In 
both studies conducted by Salleo et al. (1983, 1984), the anion, Cl', was found to be a 
more potent discharging agent than (S0 4 )̂ *. In general, while neither of these anions 
caused discharge in myxospores of M cerebralis^ cations associated with (SÛ4)̂  caused a 
higher percentage of myxospore mortality than those associated with Cl' (with the 
exception of 1 M CaCb). Some of these discrepancies may have been caused by the use 
of myxospores from several different harvests. Several harvests of myxospores were 
necessary because of the sheer number of experiments that were performed. Another
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possible cause of these discrepancies could be that Salleo et al. (1983, 1984) were 
working with marine cnidarians, while M  cerebralis is a freshwater species.
Additionally, the cnidocytes used by Salleo et al. (1983, 1984), were not encased within a 
protective, chemically-resistant shell, as are the myxospores of M. cerebralis.
Numerous studies also indicate that a minimal amount of Ca^  ̂(1x10^ M) in the 
form of CaCl2 is required to elicit discharge even when cations (most notably known 
to induce discharge are present (Gitter et al., 1994; Salleo et al., 1993; Santoro and Salleo, 
1991). In this study, with the exception of KCl, Ca^  ̂was added only to salts at the 0.1 M 
concentration. This was done to examine the effects of Ca^  ̂on discharge when only 
minimal concentrations (biologically relevant) of salts were present. At the 0.1 M 
concentration, regardless of the presence or absence of Ca^ ,̂ no significant differences in 
the rates of either discharge or death were observed in the myxospores tested.
Potassium induced discharge 
According to Gitter et al. (1994) increases in the external K^-concentration (in the 
presence of 10^ M Ca^^) caused a depolarization of the apical membrane of nematocysts 
in Hydra vulgaris. This depolarization is thought to be the first step of the process which 
results in nematocyst discharge. In this study, myxospore suspensions treated with 10"̂  M 
CaCh and either 1 M or 0.5 M KCl produced fewer dead myxospores than suspensions 
treated with only KCl. This effect was reversed when the concentration of KCl was 
reduced to 0.1 M. No concentration of KCl, either in the presence of Ca^  ̂or without, 
produced significant discharge. In contrast, numerous myxospores discharged when 
exposed to 1 M KI and the percentage of dead myxospores decreased as the concentration
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of KI was lowered to 0.1 M. Further, when 10^ M CaCb was added to 0.1 M KI, the 
percentage of dead or discharged myxospores remained at baseline levels. Since 
significant discharge only occurred when myxospores were exposed to 1 M KI 
but not to 1 M KCl (+/- Ca^^ these results may be more indicative of the effect of the 
specific anion (I vs. Cl ') in conjunction with K^ rather than just the effect of the cation 
(K^ alone. These results suggest that depolarization does not occur unless the 
concentration of K^ (in conjunction with a strong anion, such as T) is at least 1 M or that 
the cation used (such as Gd^^) has the potential to significantly alter the membrane 
polarity.
Electricity
Gitter et al. (1994) also found that the polar capsules of the stenoteles o îHydra vulgaris 
discharged when a voltage of 3.5 kV/m (35mV/pm) was applied for 1 millisecond in the 
presence of 10*̂  M CaCb. In the procedure described in Gitter and Thurm (1993) and 
Gitter et al. (1993), single electrical impulses of 1 millisecond were applied to 
nematocysts put between two wires of chlorided silver placed 1.7mm apart. To find an 
appropriate magnitude of stimulus, the discharge rate was measured using different 
voltage amplitudes (0, 2, 6, and 10 V). At 3.5 kV/m (35 mV/10 pm) a strong discharge 
was observed. It should be noted that discharge failed to occur, even with electrical 
stimuli, unless the external concentration of calcium was at least 10^ M in water. With 
the electrical field strength increasing by a factor of # 3 (range 1.2-3.5 kV/m) the 
discharge rate increased from zero to saturation.
Using an electrical charge of similar magnitude and duration to that of Gitter et al.
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(1994) as a starting point, experiments designed to examine the effects of electrical 
stimulation upon polar filament discharge in M cerebralis were planned. Unfortunately, 
the equipment necessary to induce such a small electrical field or to adequately measure 
such a small increment of time was unavailable.
Protein results
With the exception of the numerous discharges that occurred in myxospores exposed to 
the YM-3 (3 Kd) protein fraction (Great Lakes + EDTA), the differences in the 
percentages of death and discharge in response to protein exposure (from either 
population of T. tubifex) were unremarkable. It is curious that only the YM-3 (3 Kd) 
protein (plus EDTA) from the Great Lakes population caused numerous discharges 
(approx. 3%) while few to a moderate number of discharges were observed from any 
other fraction, including the same Great Lakes fraction without EDTA, since the 
tubifrcids from the Great Lakes region exhibit resistance to infection. It is possible that 
this result was caused by some unknown variable or error in the experimental procedure 
rather than by the presence of EDTA. It might be expected that if infection in the 
tubifrcids were due solely to the percentage or rate of myxospore discharge within their 
gut lumen, the percentage of discharge would be much lower in the population resistant to 
infection. The graphs in Figures 15 and 16 show no such disparity in discharge. Instead, 
they indicate little difference in the overall discharge/death rate between populations and 
may indicate that resistance to infection is due to some post-discharge event(s) rather than 
the percentage of discharges occurring. This finding is in agreement with results obtained 
by other labs.
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Conclusion
In conclusion, although significant knowledge has been gleaned about the life cycle of 
M. cerebralis and its two hosts in recent years, little is known as to the stimuli required 
to cause discharge of the polar filaments found in the myxospores of M. cerebralis.
Future research will continue to address this issue. Understanding the mechanism(s) and 
stimuli that cause polar filament discharge in the myxospores of M. cerebralis will further 
indicate why some genetic variants of T, tubifex exhibit resistance to infection by M. 
cerebralis. Any long-term solutions to the complex problems posed by this organism will 
have to take into account the genetics of both hosts, environmental conditions such as 
water flow and temperature, sediment load in streams, pollution, and the general overall 
health of the affected watershed, conditions which have been found to contribute 
significantly to the survival and spread of this parasite.
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